To increase application area of implantable devices for medical treatment including implantable cardiac defibrillator or deep brain stimulator, wireless power transfer is highly required. Previous technologies such as magnetic resonance and induction coupling have limited applications because of short transfer distance compared to device size and magnetic field intensity limitation for the safety of body exposure. The biocompatible wireless power transferring technology is proposed using ultrasonic resonance method. In power transfer through tissue, since the distance between transmitter and receiver is not adjustable, the optimum power transfer condition is changed. For efficient power transferring, operating frequency should be adjusted based on acoustic radiation and spatial pressure distribution. The ultrasonic resonance transmitter and receiver are manufactured with 50mm diameter and 250 kHz resonance frequency. In case of water medium, since it is easy to adjust frequency at fixed distance, it brings about 55% power transferring efficiency at 30 mm distance. In tissue medium, it is obtained 21 % power transfer efficiency in 23 mm skin depth at 255 kHz driving frequency. It is quite high considered device size and power transfer distance, concluding that wireless power transferring using ultrasonic resonance is feasible to apply in biocompatible application.
INTRODUCTION
Recently, wireless power transfer technology has been ready to be commercialized in consumer electronics because of the convenience of no power cable for electronic equipment and no wiring in building and/or house [1] . However, previous technologies such as magnetic resonance and induction coupling have limited applications because of its short transfer distance compared to device size and magnetic field intensity limitation for the safety of body exposure [2] . As an alternative, ultrasonic wireless power transfer technology is proposed. The ultrasonic wireless power transfer system is composed of a transmitter which converts electrical energy to ultrasonic energy and a receiver which converts the ultrasonic energy to the electrical energy again. Figure 1 shows the schematic of wireless power transfer system using ultrasonic resonance principle. It is consists of transmitter (TX) that uses the piezoelectric effect to generate acoustic wave from electrical power. The generated acoustic wave could be delivered through medium such as air, water or tissue wirelessly. The receiver (RX) convert acoustic waver into electrical power using piezoelectric effect again. FIGURE 1. An schematic of wireless power transfer system using ultrasonic resonance that consist of transmitter, receiver, rectifier and secondary rechargeable battery There are several works, recently, are published about implantable device applications [3, 4] . However, the power budget and power transfer efficiency is quite low. Shaul and etc presented detail works about ultrasonic based wireless power transferring technology [5, 6] . In these works, it is commented that there is preferred location range for the receiver. It depends on the driving frequency and diameter of transmitter. In most cases, the preferred location is the focusing range of acoustic wave. However, if the transmitter and receiver are set a certain fixed distance, there is a spatial resonance characteristic. Therefore, the preferred location for the receiver would be changed. In real application such as power transfer through tissue, the distance between transmitter and receiver is not adjustable, so that the optimum power transfer condition is changed. In this paper, the method to adjust the frequency in order to maximize the power transfer efficiency at a fixed tissue thickness.
ULTRASONIC RESONACE BASED WIRELESS POWER TRANSFER

A. Acoustic wave propagation
Spherical spreading and attenuation are one of the major factors to the efficient of the sound propagation in any medium. The optimal frequency can be selected to minimize the effect of the spherical spreading and attenuation by acoustic simulation. Let receiver and transmitter be located to face each other such as figure 2. The equation of the axial sound pressure distribution according to the distance from the transmitter is obtained as follows [7] 
FIGURE
Geometry used in deriving the pressure distribution from a circular piston type transmitter (TX) to a circular receiver (RX)
In order to maximize the power transferring efficiency, it is most important to focus acoustic wave. The most preferred location is the Rayleigh distance from the transmitter. And it is proper to set the radius of receiver be the size of focusing spot at the Rayleigh distance. For the reference, Rayleigh distance is defined as,
where, O is a wave length of the sound. From the wave propagation, the power conversion ratio from electrical to acoustic wave power can be defined. The power conversion ratio from acoustic wave to electrical power can be also defined.
B. Efficiency of wireless power transfer
The transmitter generate acoustic wave from the surface vibration based on the piezoelectric effect. If the electrical voltage is applied to the transmitter device, the input electrical power is calculated as follows. The output acoustic power is obtained as in figure 3 . The output acoustic pressure is measured from the hydrophone according to the angle of transmitter. The total acoustic output power is defined as follows. The power conversion ratio between input electrical power and output acoustic power is,
The output electrical power when the acoustic wave is applied to the receiver can be measured through load resistor. The power conversion ratio between input acoustic power and output electrical power is,
WIRELESS POWER TRANSFER IN WATER MEDIUM
A. Ultrasonic resonance based wireless power transfer system setup
The experimental setup is shown in figure 5 . The transmitter and receiver are inserted in the water bath facing each other. The transmitter is activated from the resonance signal through an amplifier from signal generator. The acoustic wave is developed into the receiver in the medium such as water or tissue. From the output electrical power of receiver, the secondary rechargeable battery is charged. In this paper, the resonance frequency of transmitter and receiver is 250 kHz. The driver power is up to 1.5Wrms with 30Vrms at 600 ohm impedance.
FIGURE 5.
Experimental setup for ultrasonic resonance based wireless power transfer system. Resonance frequency is generated from signal generator and is amplified into the transmitter device. The delivered acoustic wave vibrates the receiver that generates electrical power. The output electrical power is rectified into the secondary rechargeable battery. The overall process is controlled through charging control platform. The transmitter and receiver device uses 1-3 composite type piezoelectric transducers in order to match the impedance between the device and medium water. Figure 6 shows the impedance measurement results obtained with Agilent 4396A impedance analyzer. Because of using same characteristic, transmitter and receiver can be operated within half variation region. In this case, it is from 200 kHz to 300 kHz. Figure 7 shows the 3D power transfer efficiency results when the medium is water. In Figure 7 (b), frequency is swept from 220 kHz to 260 kHz. In figure 7 (c), distance is swept from 1mm to 100mm. The maximum power transfer efficiency is 55 % at 1mm distance 243 kHz. However, the maximum efficiency and operating frequency is changed, if the transfer distance is changed. For example, when the distance is 10mm, maximum power is around 55% when the operating frequency is around 242 kHz. However, when the distance is 100mm, maximum power is around 35% over the operating frequency from 220 kHz to 245 kHz.
B. Frequency adjustment for maximum power transfer
When this wireless power transfer system is operated in water, it can be possible to adjust the driving frequency in order to find a maximum efficiency condition at a certain distance. The adjustable frequency range is about 50 kHz that depends on the transducer's quality factor Q. If the Q is low, it is easy to adjust within wide frequency range. However, if the Q is high, it is not easy to adjust because of narrow optimum frequency range.
In medical application, it is very hard to change the transferring distance. Usually, since the depth of tissue is fixed at a certain distance, we need to adjust the frequency to find optimum power transfer efficiency.
WIRELESS POWER TRANSFER IN FIXED DEPTH TISSUE
Implantable Cardioverter-Defibrillator is implanted beneath the clavicle with the depth of around 10 mm. However, in case of kidney, it is located about 50 mm depth from the outer skin. In this paper, four kinds of depth of pig skin is prepared to show the wireless power transfer efficiency characteristics: 18 mm, 23 mm, 34 mm, 45 mm. Each skin has initial depth of 20, 30, 40, 50 mm respectively. The size is reduced when the transmitter and receiver contact tightly. The interface between the transducer and skin is filled with gel that has similar impedance with water.
In figure 8(a) shows the skin that is loaded between transmitter and receiver. The input electrical power into transmitter is around 15.5mW. The output power from receiver is 2.6mW. The total power transfer efficiency is 18 % at 250 kHz driving frequency. The input power and output power is varied according to the driving frequency because of spatial resonance between transmitter and receiver. In this skin depth, fortunately, the driving frequency is similar to the original resonance frequency of transmitter and receiver.
In figure 9 (a)-(c) show the experimental setup with different skin depth cases. According to figure 9(d), total power transfer efficiency in 23 mm skin depth is 21 % at 255 kHz driving frequency, and total power transfer efficiency in 34 mm skin depth is 6.5 % at 290 kHz driving frequency. ,and total power transfer efficiency in 45 mm skin depth is 13.8 % at 265 kHz driving frequency. It is not linear according to skin depth. It is similar to water cases. Figure 10 shows the frequency, power transfer efficiency in water medium and various depth of skin medium, together.
Generally speaking, it is more efficient to transfer power in water than tissue medium. In case of tissue and water, the maximum transfer efficiency is not operated at the same frequency due to the spatial resonance. However, if frequency is adjusted optimum power transfer efficiency at each distance can be obtained within half of maximum efficiency.
FIGURE 10.
Comparison Wireless power transfer results between water medium and several fixed depth of skin medium.It is more efficient to transfer power in water than tissue medium.
CONCLUSIONS
In this paper, ultrasonic wireless power transfer technology is proposed. In real application such as power transfer through tissue, the distance between transmitter and receiver is not adjustable, so that the optimum power transfer condition is changed. In this paper, the method to adjust the frequency in order to maximize the power transfer efficiency at a fixed tissue thickness. In case of water medium, it is easy to adjust frequency at a fixed distance, so that it brings about 55% power transferring efficiency around 30 mm distance. However, power transfer efficiency in 23 mm skin depth is 21 % at 255 kHz driving frequency.
The power transfer efficiency in tissue is lower than water medium cases. The reason of these results could be that, first, the damping effect in tissue is higher than water, and that, second, the transmitter and receiver is manufactured to match impedance not to tissue but to water. In further study, we are trying to match transducer to skin impedance with matching layer.
